The biochemical means through which multiple signaling pathways are integrated in navigating axons is poorly understood. Semaphorins are among the largest families of axon guidance cues and utilize Plexin (Plex) receptors to exert repulsive effects on axon extension. However, Semaphorin repulsion can be silenced by other distinct cues and signaling cascades, raising questions of the logic underlying these events. We now uncover a simple biochemical switch that controls Semaphorin/Plexin repulsive guidance. Plexins are Ras/Rap family GTPase activating proteins (GAPs) and we find that the PlexA GAP domain is phosphorylated by the cAMP-dependent protein kinase (PKA). This PlexA phosphorylation generates a specific binding site for 14-3-33, a phospho-binding protein that we find to be necessary for axon guidance. These PKA-mediated Plexin-14-3-33 interactions prevent PlexA from interacting with its Ras family GTPase substrate and antagonize Semaphorin repulsion. Our results indicate that these interactions switch repulsion to adhesion and identify a point of convergence for multiple guidance molecules.
INTRODUCTION
Neural connections form during development when neurons extend stalk-like axonal appendages that actively explore their environment, seeking specific signals that will guide them to their targets. Work over the past 20 years has identified a number of these extracellular signals, revealing that specific attractive and repulsive guidance cues control the cytoskeletal and adhesive machinery necessary for axon elongation (Kolodkin and Tessier-Lavigne, 2011) . More recently, transmembrane receptors and intracellular signaling molecules have been found for many of these guidance cues, providing a further understanding of the molecular biology of axon guidance (Kolodkin and Tessier-Lavigne, 2011; Bashaw and Klein, 2010 ). Yet, these fundamental discoveries have also raised important new questions regarding the biochemical mechanisms that enable growing axons to choose among this diverse array of guidance information, much of which is presented in concert, to precisely navigate to their targets.
Semaphorins (Semas) are among the largest families of axon guidance cues and are best known for their ability to sculpt the nervous system by serving as axonal repellents (Kolodkin and Tessier-Lavigne, 2011) . Semas exert their repulsive effects by disassembling the actin and microtubule cytoskeletal elements necessary for axonal extension, as well as by disrupting the adhesive interactions between an axon and its substrate . Semas utilize Plexin receptors to exert their cell biological effects, and recently a number of signaling molecules have been identified that mediate Sema/Plexin effects on the cytoskeleton (Zhou et al., 2008; Bashaw and Klein, 2010) , including an actin disassembly factor, Mical (Hung et al., 2010 . Interestingly, Plexins also directly associate with small GTP-binding proteins and contain a GTPase activating protein (GAP) domain within their cytoplasmic portions (Rohm et al., 2000; Vikis et al., 2000; Driessens et al., 2001; Hu et al., 2001; Oinuma et al., 2004; He et al., 2009; Tong et al., 2009; Wang et al., 2012) . These observations have provided a direct link between Semas/Plexins and small GTP-binding proteins, which are key regulators of cytoskeletal dynamics and cell adhesion (Hall and Lalli, 2010) . Indeed, in vitro work has indicated that Plexins exert repulsive/de-adhesive effects on growing axons by employing their Ras/Rap GAP activity to inhibit Integrin-dependent axon-substrate adhesion (Oinuma et al., 2004 Toyofuku et al., 2005; Uesugi et al., 2009; Tong et al., 2009; Wang et al., 2012) .
Growing evidence also indicates that the repulsive effects of axon guidance cues can be silenced and even turned into attraction by raising the levels of specific signaling molecules like cyclic nucleotides. cAMP, for example, has emerged as a potent antirepellent that enables axonal growth and regeneration on repulsive/inhibitory substrates including Semas (Song et al., 1998; Cai et al., 1999; Hö pker et al., 1999; Dontchev and Letourneau, 2002; Neumann et al., 2002; Qiu et al., 2002; Chalasani et al., 2003; Pearse et al., 2004; Han et al., 2007; Xu et al., 2010) . The molecular and biochemical mechanisms of this cAMP antirepellent action are still poorly understood, but it is interesting that the cAMP-dependent protein kinase (PKA), which is activated by cAMP, has been found to associate in a complex with the Sema receptor Plexin Fiedler et al., 2010) and antagonize Sema-mediated repulsive axon guidance (Dontchev and Letourneau, 2002; Chalasani et al., 2003; Terman and Kolodkin, 2004; Parra and Zou, 2010) . The targets of PKA and its biochemical role in regulating Sema/Plexin repulsive axon guidance are unknown.
We now find that PKA phosphorylates a specific serine residue within the Plexin GAP domain and generates a binding site for a member of the 14-3-3 family of phospho-serine binding proteins, 14-3-33 . Moreover, these PKA-mediated 14-3-33-Plexin interactions occlude the association between Plexin and its GAP substrate, Ras2, concomitantly making axons less responsive to Sema-mediated repulsion and more responsive to Integrinmediated adhesion. Our findings, therefore, uncover both a molecular integration point between important axon guidance signaling pathways and a biochemical logic by which this guidance information is coalesced to steer the growing axon.
RESULTS

14-3-33 Is Neuronal PlexA-Interacting Protein
The C-terminal region of the 14-3-33 protein was identified as a strong Drosophila Plexin A (PlexA) interactor in a yeast twohybrid interaction screen (Figures 1Aa-1Ac ). 14-3-3 protein family members are important regulators of signal transduction through their ability to bind to phosphorylated serine/threonine residues within target proteins (Figure 1Ab ; Tzivion et al., 2001; Yaffe and Elia, 2001) . Drosophila contains two highly conserved 14-3-3 family members (also called Par-5 proteins), , but PlexA selectively interacted with only 14-3-33 in our yeast interaction assay ( Figure S1B ). Likewise, we saw selective interactions between neuronally expressed HA PlexA and purified recombinant GST-14-3-33 protein (Figure 1Ad ). The other Drosophila Plexin, PlexB, did not interact with 14-3-33 in our yeast interaction assay (Figure 1Ac ), also suggesting a specificity among Figure S1 .
PlexA-14-3-33 interactions. Further analyses revealed that 14-3-33, like PlexA, was highly expressed in the embryonic brain and nerve cord (Figures 1Ba-1Bc and S1C) and localized strongly to central nervous system (CNS) and motor axons (Figures 1Bc 0 -1Bc 00 ). 14-3-33 was also consistently detected in the complex immunoprecipitated by neuronal HA PlexA but not by nonspecific controls (Figure 1Bd ). These results, in conjunction with other related binding experiments ( Figures 5D, 8B , S4B, and S7E), indicate that PlexA and 14-3-33 form a complex in neurons.
14-3-33 Is Required for Axon Pathfinding To begin to explore the function of the PlexA-14-3-33 physical interaction, we turned to the Drosophila embryonic nervous system. A number of 14-3-33 loss-of-function (LOF) alleles have been well characterized ( Figure S2A ; Chang and Rubin, 1997; Acevedo et al., 2007) and have revealed that 14-3-33 mutants do not exhibit overt morphological defects within the nervous system or musculature (Acevedo et al., 2007) . Maternally supplied 14-3-33 and compensation by 14-3-3z are sufficient for many developmental processes including cell fate specification and patterning (Chang and Rubin, 1997; Su et al., 2001; Acevedo et al., 2007; Krahn et al., 2009 ). However, neuronal expression of 14-3-33 is necessary for normal embryonic hatching and adult viability for unknown reasons (Acevedo et al., 2007) . Therefore, we wondered if 14-3-33 LOF mutants exhibited axon guidance defects, and employed well-characterized Drosophila CNS and motor axons to test this possibility. For instance, axons within the Drosophila Intersegmental Nerve b (ISNb) motor axon pathway normally defasciculate from the pioneering ISN to innervate their muscle targets including muscles 6/7 and 12/13 (Figures 2A and 2B ). In contrast, we found that ISNb axons within multiple combinations of 14-3-33 LOF mutants exhibited specific and highly penetrant axon guidance defects including abnormal defasciculation, inappropriate pathway selection, and decreased muscle innervation ( Figures  2C-2E , S2B, and S2E). These ISNb pathfinding defects were significantly rescued upon restoration of 14-3-33 expression in 14-3-33 mutants using a FLAG 2E, and S2D) . We also observed axonal pathfinding errors within other motor axon pathways of 14-3-33 LOF mutants, including the Segmental Nerve A (SNa) ( Figures 2D, 2E , S2B, and S2E), as well as in the CNS ( Figure S2C ). These results reveal that a member of the 14-3-3 family of phospho-serine binding proteins, 14-3-33 , is required for axon guidance in vivo.
14-3-33 Antagonizes Sema/Plex-Mediated Repulsive Axon Guidance
We next compared 14-3-33-dependent axon guidance defects to those resulting from manipulating Sema-1a/PlexA signaling. LOF alleles of PlexA, its ligand Sema1a, and its signaling component Mical, generate motor axon pathfinding defects characterized by increased axonal fasciculation, stalling, and abnormal muscle innervation (Yu et al., 1998; Winberg et al., 1998b; Terman et al., 2002; Hung et al., 2010) . Interestingly, while some of the axon guidance defects we observed in 14-3-33 mutants were similar to Sema1a, PlexA, and Mical mutants ( Figure 2F ), a majority were characterized by increased axonal defasciculation and resembled the effects of increasing Sema/PlexA/Mical repulsive axon guidance (Figures 2F and S2E) . Furthermore, neuronal overexpression of 14-3-33 generated axon guidance defects that resembled decreasing Sema/PlexA/Mical repulsive axon guidance ( Figures 2F and S2B ). These observations suggest that similar to Sema-1a/PlexA signaling components such as Nervy and the regulatory subunit of PKA (PKA RII) (Figure 2F; Terman and Kolodkin, 2004 ), 14-3-33 may antagonize Sema-1a/PlexA repulsive axon guidance. To further address this possibility, we turned to enhancer-supressor genetic assays dependent on Sema-1a/PlexA repulsive axon guidance. Ectopic expression of Sema-1a in muscles leads to reduced muscle innervation (Yu et al., 1998) . These effects are due to the repulsive action of Sema-1a (Yu et al., 1998) and are suppressed by decreasing the levels of the Sema-1a receptor, PlexA (Winberg et al., 1998b) . In contrast, decreasing the levels of 14-3-33 enhanced Sema-1a repulsion ( Figures 3B-3D ); suggesting that similar to PKA RII and Nervy (Figures 3C and 3D; Terman and Kolodkin, 2004 ), 14-3-33 opposes Sema-1a repulsion. To further investigate these antagonistic interactions, we turned to genetic assays dependent on the repulsive effects of PlexA. Increasing the levels of neuronal PlexA generates abnormally defasciculated axons that result in discontinuous CNS longitudinal connectives and axons crossing the midline or projecting abnormally into the periphery (Figures 4A and S3A ; Winberg et al., 1998b; Ayoob et al., 2004) . Strikingly, decreasing the levels of 14-3-33 significantly increased these PlexA-dependent guidance defects ( Figures 4A-4C ), while increasing neuronal 14-3-33 significantly decreased these PlexA-dependent guidance defects ( Figures 4B and 4C ). Together, these results along with other in vivo Sema1a/PlexA-dependent CNS and motor axon guidance assays ( Figure S3 ) indicate that 14-3-33 antagonizes Sema1a/PlexA-mediated repulsive axon guidance.
A Single Phosphorylated Serine Residue on PlexA Mediates Its Interaction with 14-3-33 To begin to investigate the mechanism by which 14-3-33 antagonizes Sema-1a/PlexA-mediated repulsive axon guidance, we sought to determine the site of interaction between PlexA and 14-3-33. We found that the portion of PlexA that was necessary and sufficient for the interaction with 14-3-33 contains a consensus 14-3-3 binding sequence ( Figures 5A and 5B) . In particular, 14-3-3 proteins typically bind to single phosphorylated serine or threonine residues on target proteins (Yaffe and Elia, 2001) and Drosophila PlexA contains a mode I 14-3-3 consensus binding motif, R/KSXpSXP, where p represents the phosphorylated serine (Ser 1794 ) residue predicted to mediate the interaction with 14-3-3 proteins ( Figure 5B ; Yaffe et al., 1997; Rittinger et al., 1999) . To test this possibility, we substituted alanine (Ala) for serine (Ser) and threonine (Thr) residues within this consensus 14-3-33 binding motif. We found that the predicted Ser 1794 residue was necessary for the observed PlexA interaction with ), but found that as with other 14-3-3 interacting proteins adding one negative charge was not sufficient for the interaction between PlexA and 14-3-33 ( Figures 5C and S4A ). Therefore, we turned 
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Wild type 14-3-3ε 18A2 ISNb (6/7) ISNb (12/13) SNa 14-3-33 significantly rescues the ISNb and SNa axon guidance defects that are present in 14-3-33 LOF mutants. 14-3-33 NP1301 expresses GAL4 under the control of the 14-3-33 genomic locus. ISNb (6/7) = ISNb innervation at muscles 6/7. ISNb (12/13) = ISNb innervation at muscles 12/13. (n > 90/genotype). Error bars: SEM; **p < 0.01, ***p < 0.001 by two-way ANOVA and Bonferroni post test.
(F) 14-3-33 axon guidance defects are qualitatively and quantitatively different from Sema-1a/PlexA/Mical defects. Loss of Sema-1a, PlexA, or Mical, preferentially generates Class I and II axon guidance defects (see also Yu et al., 1998; Winberg et al., 1998b) that are characterized by increased bundling and fasciculation of axons (a decrease in axon-axon repulsion). In contrast, loss of 14-3-33 results in axon guidance defects that are different in appearance (Class III and IV defects) and are characterized by inappropriate defasciculation. Thus, loss of 14-3-33 resembles loss of Nervy, while neuronal overexpression of 14-3-33 generates defects that are more similar to loss of Sema1a, PlexA, or Mical. The data are presented as the percentage of hemisegments that exhibit each class of guidance defect (per genotype). n R 100 hemisegments (ten embryos)/genotype. Error bars: SEM. See also Figure S2 .
Neuron PKA, 14-3-33, and Semaphorin-Plexin Axon Repulsion to in vitro binding assays with PlexA and purified 14-3-33 to see if phosphorylation was critical for the PlexA-14-3-33 interaction. Indeed, we found that phophatase treatment disrupted the ability of neuronal HA PlexA to associate with . Taken together, these results indicate that PlexA and 14-3-33 associate via a single phosphoryated serine residue present in the cytoplasmic portion of the PlexA receptor ( Figure 5E ). 14-3-33 , the catalytic subunit of PKA (Pka-C1), or b1 Integrin (bInt) enhance these muscle Sema-1a-dependent repulsive guidance defects (arrows, B and C), and generate guidance defects similar to when high levels of Sema-1a are ectopically expressed in muscles (Yu et al., 1998; Winberg et al., 1998b) . All embryos were scored for the absense of muscle innervation and each Het LOF mutant on its own showed no appreciable defects of this severity. n R 100 hemisegments (ten embryos)/genotype; error bar: SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student's t test. See also Figure S3 .
PKA Phosphorylates
PKA is sufficient to mediate this PlexA Ser1794 -14-3-33 interaction, since activating PKA signaling with forskolin significantly enhanced the association between FLAG 14-3-33 and HA PlexA in a Ser 1794 -dependent manner (Figure 6C) . We thus wondered if PKA was necessary for phosphorylating PlexA Ser1794 in vivo.
Employing a rabbit polyclonal antibody that we generated that selectively recognized the phosphorylated form of PlexA Ser1794 (phosphoPlexA S1794 ) ( Figures 6D, 6E , S5D, and S5E), we found that decreasing the levels of PKA in vivo significantly reduced the levels of phospho-PlexA S1794 ( Figure 6F ). Therefore, our results indicate that PlexA Ser1794 is phosphorylated by PKA, which mediates the interaction between PlexA and 14-3-33 ( Figure 6H ).
PKA-Mediated 14-3-33 Interactions with PlexA
Ser1794
Antagonize Sema/Plex-Dependent Axon Repulsion A protein complex containing PKA has previously been found to associate with the PlexA receptor Fiedler et al., 2010) . This work in combination with our biochemical results suggest a model in which inactive PKA is tethered to the PlexA receptor and upon cAMP-mediated activation, PKA phosphorylates PlexA at Ser 1794 and provides a binding site for 14-3-33. We therefore wondered what is the role of this PKA-14-3-33 interaction in Sema-1a/PlexA repulsive axon guidance. Similar to loss of 14-3-33, decreasing PKA catalytic activity increased Sema-1a/PlexA repulsive axon guidance ( Figures  3C, 3D , 6G, S3A, and S3B). These effects were further enhanced by simultaneously decreasing PKA and , indicating that PKA and 14-3-33 work together to antagonize PlexA repulsive axon guidance. These results also predict that disrupting the interaction between 14-3-33 and PlexA might generate a hyperactive PlexA receptor so we generated two transgenic fly lines ( HA PlexA S1794A (SA) and HA PlexA S1794E (SE); Figure 7A ) containing single mutations that disrupted the association between PlexA and 14-3-33. Notably, although both the SA and SE PlexA receptors were expressed at or below the levels of HA PlexA (WT) in neurons and on axonal surfaces (Figures 7B, S6A, and S6B; see also Figure S7A ), both mutations produced guidance defects consistent with increased PlexA repulsion ( Figures 6C and 6D) . Therefore, disrupting the interaction between PlexA and 14-3-33 generates hyperactive Sema-1a/ PlexA-mediated repulsive axon guidance signaling.
PlexA-14-3-33 Interactions Block Plexin RasGAP-Mediated Repulsive Axon Guidance The Ser 1794 residue that is critical for the interaction between 14-3-33 and PlexA is located adjacent to one of the enzymaticaly critical arginine residues (Arg 1798 ) through which Plexins turn off Ras/Rap GTP signaling ( Figure 8A ). In particular, the intracellular region of Plexins contains a GAP enzymatic domain that is structurally and functionally similar to GAPs for Ras family GTPases ( Figure 8A ; Oinuma et al., 2004; He et al., 2009; Tong et al., 2009; Bell et al., 2011; Wang et al., 2012) . As a Ras/Rap GAP, Plexin facilitates endogenous GTP hydrolysis by specific Ras family GTPases and thus functions to antagonize or turn off Ras GTP signaling. In Plexins, like other RasGAPs, arginine fingers cooperatively confer both GTPase binding and GAP activity, suggesting that the association of 14-3-33 with PlexA Ser1794 would likely perturb the association between PlexA and its substrate GTPase ( Figure 8A ; He et al., 2009; Tong et al., 2009) . To begin to test this mechanism of action, we made point mutations disrupting the catalytically important arginine fingers of PlexA ( HA PlexA RA [RA] ; Figure 7A ). Neuronal expression of the PlexA GAP-deficient protein failed to rescue PlexA À/À mutant axon guidance defects ( Figure S6C ) and suppressed the ability of PlexA to mediate repulsive axon guidance ( Figures 7C and  7D ). Thus, as has been previously described in vitro (Rohm et al., 2000; Oinuma et al., 2004; He et al., 2009; Wang et al., 2012) , the GAP activity of PlexA is also important in vivo for repulsive axon guidance. Plexin family members utilize Ras family GTPases including R-Ras, M-Ras, and Rap1 as substrates (Oinuma et al., 2004; Toyofuku et al., 2005; Saito et al., 2009; Wang et al., 2012) , and we found that Drosophila PlexA also preferentially associated with the GTP bound form of the Drosophila R-Ras ortholog, Ras2 ( Figures 8B, S7B , and S7C), and facilitated GTP hydrolysis ( Figure S7D ). Likewise, using in vivo genetic assays, we found that constituitively active Ras2, but not Ras1, suppressed PlexA-mediated repulsive axon guidance ( Figure S3A ), further indicating that Ras2 specifically plays a role in PlexA repulsive signaling. Therefore, since both 14-3-33 and Ras2 associate with the same region of the PlexA receptor, the RasGAP domain ( Figure 8A ), we wondered if 14-3-33 disrupted the PlexA-Ras2 association. Using biochemical approaches, we found that the interactions between HA PlexA and Ras2 GTP were selectively decreased in the presence of purified 14-3-33 ( Figure 8B) 
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Homz LOF x 1 N e u ro n a l H A P le x A x 1 N e u ro n a l H A P le x A , 14-3-33) . Scale bar = 50 mm. n = 90; error bars: SEM; ***p < 0.001 by one-way ANOVA, Tukey's multiple comparison test. (C) Summary. Decreasing the levels of 14-3-33 exacerbates PlexA-dependent repulsive axon guidance defects while increasing the neuronal levels of 14-3-33 suppresses these PlexA-dependent guidance defects. See also Figure S3 .
Neuron PKA, 14-3-33, and Semaphorin-Plexin Axon Repulsion (Figures S7G and S7H) , further indicating that 14-3-33 blocks the association between PlexA and Ras2. Therefore, we wondered if the increased PlexA-dependent repulsive axon guidance defects that we observed in 14-3-33 LOF mutants (Figure 4) might result from increased PlexA GAP-Ras2 interactions, and thus a decrease in the amount of active Ras2 in the vicinity of the PlexA receptor. Indeed, we found that raising the levels of active Ras2 in neurons suppressed the hyperactive PlexA repulsion caused by loss of 14-3-33 ( Figure 8C ), indicating that PlexA-14-3-33 interactions function to silence PlexA RasGAP-mediated repulsive axon guidance. A 14-3-33-Dependent Switch Regulates Sema/Plex-Mediated Repulsion and Ras/Integrin-Mediated Adhesion R-Ras/Rap signaling has been found to induce an increase in cellular adhesion and migration by activating integrins to bind to their ECM ligands (Zhang et al., 1996; Keely et al., 1999; Ivins et al., 2000; Oinuma et al., 2006) . Plexins exert their repulsive/deadhesive effects on growing axons by employing their GAP activity to inhibit specific Ras family GTPases and thereby turn off Integrin-mediated substrate adhesion (Oinuma et al., 2004 . Thus, our results suggest that this Ras/Integrin-dependent adhesion can be turned back on through PKA-mediated phosphorylation of the PlexA RasGAP domain and subsequent binding of 14-3-33 . Consistent with such a mechanism of action, integrins play important roles in establishing normal axonal trajectories and the loss of integrins generates axon guidance defects that resemble those seen following manipulations of Sema-1a/PlexA signaling (Hoang and Chiba, 1998; Huang et al., 2007; Stevens and Jacobs, 2002) . Furthermore, we found that increasing the neuronal levels of integrins suppressed Sema-1a/PlexA repulsive axon guidance ( Figure S3A ), while decreasing integrin levels enhanced Sema-1a/PlexA repulsive effects ( Figures 3C, 3D , and S3A). Moreover, increasing specific integrins (a2 Integrin (aPS2); Stevens and Jacobs, 2002) in neurons suppressed the hyperactive PlexA repulsive signaling caused by the loss of 14-3-33 ( Figure 8C ). Therefore, we reasoned that if 14-3-33 functions to increase Ras/Integrin-mediated adhesion then the axon guidance defects we observe in 14-3-33 mutants might be significantly rescued by increasing Ras/Integrin signaling. Indeed, we found that the ISNb and SNa motor axon pathfinding defects present in 14-3-33 mutants were rescued by expressing constituitively active Ras2 (Figure 9A ) or specific integrins ( Figure 9B ). Together, these results reveal that raising the levels of Ras/Integrin signaling counteracts the effects of decreasing 14-3-33, indicating a cAMP/PKA/ 14-3-33 signaling pathway that directly controls the balance between Plexin RasGAP-mediated repulsion and Ras/Integrinmediated adhesion.
DISCUSSION
Axons rely on the activation of guidance receptors for correct navigation but receptor inactivation is also thought to be a means through which growth cones integrate both attractive and repulsive guidance signals. Our results indicate that such a mechanism plays a critical role in Sema/Plex-mediated repulsive Figure 1A . +, interaction; -, no interaction. The blue box is a consensus 14-3-3 binding motif. The amino acid residues corresponding to PlexA are indicated above each construct. N-GAP, N-terminal GAP domain; RBD, Rho GTPase binding domain; C-GAP, C-terminal GAP domain. (B) PlexA contains a consensus 14-3-3 binding motif where amino acids are in upper case (one-letter code), x is for any residue, and the consensus phosphorylation site is P in a circle. This consensus 14-3-3 binding motif is also conserved in mammalian Plexins that signal for Semas within Classes 3, 4, 5, 6, and 7, but not in Drosophila PlexB (providing a basis for why we did not see an interaction between Drosophila PlexB and 14-3-33; Figure 1Ac) See also Figure S4 .
Neuron PKA, 14-3-33, and Semaphorin-Plexin Axon Repulsion axon guidance. We find that PlexA uses its GAP activity to specify axon guidance but this activity is antagonized by a PKA-mediated signaling pathway. PKA directly phosphorylates the GAP domain of PlexA and this phosphorylation provides a binding site for 14-3-33. 14-3-33 is critical for axon guidance and disrupts the ability of PlexA to interact with its Ras GTPase substrate. These interactions effectively switch PlexA-mediated axonal repulsion to Integrin-mediated adhesion and provide a simple biochemical mechanism to integrate antagonistic axon guidance signals (Figure 10 ).
Our genetic experiments identify a critical role for 14-3-33 proteins in directing axon guidance events during development. The 14-3-3 proteins are a phylogentically well-conserved family of cytosolic signaling proteins including seven mammalian members that play key roles in a number of cellular processes (Tzivion et al., 2001; Yaffe and Elia, 2001 ). Interestingly, 14-3-3 family proteins were first identified because of their high level of expression in the brain (Aitken, 2006 ), but despite considerable interest in their functions (Skoulakis and Davis, 1998; Berg et al., 2003) , their roles in the nervous system are still (WT) protein only after preincubation with PKA, and does not recognize purified GST-PlexA Cyto2 S1794A (SA) protein.
(E) Immunoprecipitated (IP) neuronal HA PlexA is robustly recognized by the phospho-PlexA S1794 antibody (Buffer Only) but not following treatment with a phosphatase (lambda protein phosphatase). Phosphatase inhibitors (Na 3 VO 4 , NaF) abolish the effect of the phosphatase. As noted previously, in this preparation and percentage gel, neuronal HA PlexA is observed as two different sized bands (Terman et al., 2002; Yu et al., 2010) . (F) PlexA Ser1794 phosphorylation is significantly reduced in PKA mutant embryos (Pka-C1 DN Het LOF) compared to wild-type (WT) embryos as examined using the phospho-PlexA S1794 antibody. n = 8; error bar: SEM; ***p < 0.0001 by paired t test. (G) PKA and 14-3-33 work together to antagonize PlexAmediated repulsive axon guidance in vivo. Employing the genetic interaction assay as in Figure 4 reveals that a mutation in the PKA catalytic subunit (Pka-C1 DN ) dominantly enhances PlexA-dependent axon repulsion, which is further enhanced by 14-3-33 Het LOF (and generates guidance defects similar to 14-3-33 Homz LOF in this PlexA-dependent genetic background). n R 90; error bars: SEM; *p < 0.05; ***p < 0.001 by one-way ANOVA, Tukey's multiple comparison test.
(H) Summary of our results that indicate that PKA phosphorylates and enables PlexA Ser1794 to interact with 14-3-33. See also Figure S5 .
Neuron PKA, 14-3-33, and Semaphorin-Plexin Axon Repulsion incompletely understood. For instance, 14-3-3 proteins are highly expressed in growing axons and have been found to modulate neurite extension and growth cone turning in vitro in a number of contexts (Nozumi et al., 2009; Yoon et al., 2011; Kent et al., 2010) . However, their necessity for directing axonal growth and guidance events in vivo are unknown as is the functional role of each family member in these neurodevelopmental processes. We now find that one of the two Drosophila 14-3-3 family members, 14-3-33, is required in vivo for axon guidance and plays specific roles in the pathfinding of motor and CNS axons. Moreover, previous mutant analysis has revealed that the other 14-3-3 family member in Drosophila, 14-3-3z (Leonardo), does not exhibit significant motor axon guidance or innervation defects (Broadie et al., 1997) but plays a critical role in synaptic transmission and learning and memory (Skoulakis and Davis, 1996; Broadie et al., 1997) . These results indicate that individual 14-3-3 family members play specific roles in the development of the nervous system and in light of the requirement of 14-3-33 in mammalian brain development and neuronal migration (Toyo-oka et al., 2003) , and potential roles for Figure S6 .
future work will determine if 14-3-33's role in axon guidance is phylogenetically conserved. Our genetic and biochemical experiments also identify a specific role for 14-3-33 in regulating Sema/Plex-mediated repulsive axon guidance. Sema/Plex-mediated repulsive axon guidance is antagonized by increasing cAMP levels (Song et al., 1998; Dontchev and Letourneau, 2002; Chalasani et al., 2003; Parra and Zou, 2010) , but the mechanisms underlying these cAMP-mediated effects are poorly understood. Interestingly, Plexins associate with the cAMP-dependent protein kinase (PKA) via MTG/Nervy family PKA (A kinase) anchoring proteins (AKAPs) (Fukuyama et al., 2001; Schillace et al., 2002; Terman and Kolodkin, 2004; Fiedler et al., 2010; Corpora et al., 2010) . AKAPs position PKA at defined locations to allow for the spatially and temporally specific phosphorylation of target proteins in response to local increases in cAMP (Wong and Scott, 2004) and we now find that PKA phosphorylates the cytoplasmic portion of PlexA. Our genetic and biochemical results suggest that this phosphorylation provides a binding site for a specific 14-3-3 family member, 14-3-33. 14-3-3 proteins are well known as phosphoserine/threoninebinding proteins and have been found to utilize this ability to regulate the activity of specific enzymes (Yaffe and Elia, 2001; Tzivion et al., 2001) . We find that mutating the 14-3-33 binding site on PlexA generates a hyperactive PlexA receptor, providing a better understanding of the molecular and biochemical events through which cAMP signaling regulates Sema/Plex repulsive axon guidance. Future work will focus on identifying the upstream extracellular signal that increases cAMP levels, although it is interesting that the axonal attractant Netrin is known to increase cAMP levels (Corset et al., 2000; Nicol et al., 2011) and antagonize Sema-mediated axonal repulsion (Winberg et al., 1998a) .
Our results also indicate that the GAP activity of PlexA is critical in vivo for repulsive axon guidance and that cAMP/ PKA/14-3-33 signaling regulates this Plexin RasGAP-mediated repulsion. Plexins are GAPs for Ras family proteins and in vitro work has revealed that the GAP activity of Plexin is important for its signaling role (Oinuma et al., 2004 (Oinuma et al., , 2010 Ito et al., 2006; Saito et al., 2009; Wang et al., 2012) . We now find that RasGAP activity is required in vivo in neurons for Plex-mediated repulsive axon guidance. Moreover, our results indicate that 14-3-33 binds to a single phosphoserine residue within the PlexA GAP domain and antagonizes PlexA RasGAP-mediated axon guidance. Interestingly, positive regulation of GTPase signaling may be a conserved function for 14-3-33 since it also increases the efficiency of Ras signaling during Drosophila eye development (Chang and Rubin, 1997 ) and 14-3-3 turns off the activity of other known GAPs and enhances Ras signaling (e.g., Feng et al., 2004; Benzing et al., 2000) . Therefore, our results suggest a model (Figure 10 ) in which Sema/Plex interactions activate PlexA GAP activity, which inactivates Ras/Rap and disables Integrin-mediated adhesion. However, these Sema/Plex-mediated effects are subject to regulation, such that increasing cAMP levels activates PlexA-bound PKA to phosphorylate PlexA and provide a binding site for 14-3-33. These PlexA-14-3-33 interactions occlude PlexA GAP-mediated inactivation of Ras family GTPases and restore Integrin-dependent adhesion.
In conclusion, we have identified a simple mechanism that allows multiple axon guidance signals to be incorporated during axon guidance. Neuronal growth cones encounter both attractive and repulsive guidance cues but the molecular pathways and biochemical mechanisms that integrate these antagonistic cues and enable a discrete steering event are incompletely understood. One way in which to integrate these disparate signals is to allow different axon guidance receptors to directly modulate each other's function (e.g., Stein and Tessier-Lavigne, 2001 ). Another means is to tightly regulate the cell surface expression of specific receptors and thereby actively prevent . Likewise, increasing the neuronal levels of an Integrin receptor (a2Int) suppresses the PlexA-dependent repulsive guidance defects seen in 14-3-33 Homz LOF mutants. n R 90; error bar: SEM; *p < 0.05, ns: not significant; one-way ANOVA, Bonferroni post test. See also Figure S7. A B Figure 9 . Increasing Ras2-Integrin Adhesive Signaling Rescues 14-3-33 Mutant Axon Guidance Defects (A and B) Quantification of motor axon guidance defects as in Figure 2 reveals that increasing the levels of Ras2
significantly rescues the ISNb and SNa motor axon guidance defects present in 14-3-33 LOF mutants. n R 90; error bar: SEM; *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA, Bonferroni post test.
axons from seeing certain guidance cues (e.g., Kidd et al., 1998; Brittis et al., 2002; Keleman et al., 2002; Nawabi et al., 2010; Chen et al., 2008; Yang et al., 2009) . Still further results are not simply explained by relatively slow modulatory mechanisms like receptor trafficking, endocytosis, and local protein synthesis but indicate that interpreting a particular guidance cue is susceptible to rapid intracellular modulation by other, distinct, signaling pathways (e.g., Song et al., 1998; Dontchev and Letourneau, 2002; Terman and Kolodkin, 2004; Parra and Zou, 2010; Xu et al., 2010) . Our results now indicate a means to allow for such intracellular signaling crosstalk events and present a logic by which axon guidance signaling pathways override one another. Given this molecular link between such key regulators of axon pathfinding as cyclic nucleotides, phosphorylation, and GTPases, our observations on silencing Sema/Plexmediated repulsive axon guidance also suggest approaches to neutralize axonal growth inhibition and encourage axon regeneration.
EXPERIMENTAL PROCEDURES
Yeast Two-Hybrid Screening and Assay Yeast two-hybrid setup, protein expression analyses, and screening were performed following standard procedures (Terman et al., 2002) .
Genetics, Phenotypes, Imaging, and Histochemistry Drosophila husbandry, genetics, imaging, and characterization of axon guidance were performed using standard methods (Terman et al., 2002; Hung et al., 2010) .
In Vitro Binding Assays and Coimmunoprecipitation GST pull-down (Oinuma et al., 2004) and coimmunoprecipitation (Terman et al., 2002) assays were performed using standard approaches. GDP and GTPgS-preloading was assessed by GST pull-down assays using GST-RBD proteins (Diekmann and Hall, 1995; Benard et al., 1999) .
Protein Purification
Standard approaches were used to purify proteins (Self and Hall, 1995; Hung et al., 2010) . /14-3-33 This model is based on previous results and our observations that indicate that axon-axon fasciculation and Integrin-mediated adhesion allow axons to pathfind normally (I and a). Activated Sema-1a/PlexA repellant signaling at choice points induces defasciculation/de-adhesion (II and b). Then, to prevent stalling in the vicinity of the choice point because of an inability to extend on Integrin ligand substrates, cAMP/PKA/14-3-33 signaling is required to turn off PlexA RasGAPmediated de-adhesion and restore Integrin-mediated adhesive signaling (III, c and d). Axons now extend along Integrin-dependent adhesive substrates (IV, a).
In Vitro Kinase Assays
In vitro kinase assays were performed using [g-32 P] ATP (PerkinElmer) as a phosphate donor following the manufacturer's recommendation for each kinase and as described (Bibb et al., 1999) .
Phosphorylation-Specific PlexA Antibody Generation A polyclonal antibody that specifically recognizes phosphorylated PlexA S1794 was generated using synthetic phosphopeptides and injecting into rabbits (Covance) using standard approaches (Flavell et al., 2006) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j. neuron.2011.12.034. 
